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Abstract 
To overcome the lack of selectivity in semiconducting metal-oxide based sensors material research plays a crucial role. The 
fundamental understanding of the surface effects and the respective underlying processes is necessary for a future exploitation as 
sensing principle. Recently, copper(II)oxide (CuO) gained increased interest due to the highly selective reaction towards hydrogen 
sulfide (H2S). However, the profound shifts in material properties make reliable data acquisition very challenging. We present 
some of the current results on CuO and a measurement technique to precisely monitor the changes in the overall electronic 
characteristics. The phase transition from semiconducting to conducting behavior in CuO sensing layers is measured in-situ under 
H2S exposure, thereby deepening the understanding of the underlying interactions.  
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1. Introduction 
Research on gas sensing utilizing semiconducting metal oxides (MOX) has always had one important objective, 
i.e. the enhancement of selectivity towards a specific analyte within an unknown gas composition. Among the various 
approaches to achieve this goal, noble metal doping [1], use of composite materials [2] or thermal cycling [3] are the 
most wide spread. Investigations of novel MOX materials provide an alternative, complementary route towards the 
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goal of higher selectivity. To this end, the oxides of copper recently enjoyed increasing interest. Several groups started 
to investigate the gas sensitive behavior of Cu2O and CuO [4-6] and also engaged in the research of fundamental gas-
surface interactions as a function of particle morphology [7]. Most notably, a highly specific reaction between CuO 
and H2S has been found. Further experiments revealed a unique reaction mechanisms towards hydrogen sulfide (H2S), 
namely the formation of sulfidic structures via the exothermal substituting interaction [8]: 
 CuO + H2S Æ CuS + H2O. (1) 
Furthermore, investigations of grown CuO nanowires exposed to H2S revealed surface composition changes with 
sulfur containing structures [9]. 
Especially against the background of utilizing CuO as gas sensitive material this is highly interesting since CuS shows 
metallic behavior in terms of its electrical conductivity. Hence a severe shift of the surface’s electronic behavior can 
be expected and has been observed already. This makes CuO interesting for sensing applications targeting H2S only. 
Most notably, in-situ measurements under anaerobic conditions such as applications in petrochemistry, the fertilizer 
industry or biogas plants are likely scenarios for such sensors. 
However, fundamental understanding of the basic interactions and their dependency on the environmental conditions 
require further progress. This is not limited to CuO only, but instead holds true for various MOX systems with regard 
to sensitivity and selectivity enhancements. Most of the commonly used read-out techniques for semiconducting MOX 
based sensors only probe the layer at one particular current or voltage value. The resulting resistance value is affected 
by a plethora of boundary conditions [10]. Therefore, various approaches to gain deeper insight are being pursued. AC 
impedance spectroscopy is performed to identify the influence of electrode and grain contacts, but it demands for 
morphology assumptions making it prone to misinterpretations [11,12]. Another approach are combined surface 
spectroscopic methods to reveal basic adsorbate interactions [13,14], yet the experimental set-ups are complex and 
non-generic, making the reported results difficult to generalize. In this work we investigated the impact of H2S on the 
electrical behavior of CuO micro particles under a large variety of outer parameters. With a novel measurement set-
up we show a transformation in the electronic state from semiconducting to conductive by in-situ recording the I-U-
characteristics under H2S exposure. The acquired data reveals changes in the slope of the sensors response which can 
be attributed to different surface interaction mechanisms extending the understandings on a microscopic scale and 
thereby possibly forming the basis for successful future sensing applications. 
2. Results 
Preliminary experiments using physical vapor deposition (PVD) of thin film samples revealed that H2S exposure 
induces visible morphology changes in copper oxide surfaces. During this process, sulfur-containing structures are 
formed even at low concentration levels. Figure 1 (a-b) shows a CuO surface before and after exposure towards of 5 
ppm H2S during 4 hours. Since this substitution reaction in eq. (1) is exothermal [8] a deployment as sensing signal 
requires the possibility to reset the layer, i.e. to convert CuS back to CuO. This can be achieved using a heat treatment, 
as shown in Figure 1(c). 
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Fig. 1. (a-b) Copper oxide surface produced via physical vapor deposition and subsequent oxidization. The scanning electron microscope images 
show the layer before and after exposure towards 5ppm H2S for 4 hours at room temperature. Due to exposure to H2S the surface roughness is 
increased considerably through the formation of CuS clusters. This is in accordance with findings using CuO nanowires [9]. (c) A heat treatment 
restores a CuO surface.  
To identify re-oxidation temperature regimes which are sensible both in terms of a complete conversion on the one 
hand and minimum heating power necessary on the other, the thin film samples were oxidized and characterized by 
optical methods. To confirm the layer composition Raman as well as UV-Vis spectroscopy have been performed [15]. 
Figure 2 shows transmission as well as Raman spectra for samples operated at temperatures between 200°C and 
400°C. They reveal that CuO is formed from Cu2O at temperatures above 200°C. So, for elevated temperatures CuO 
is the only stable phase. This is in accordance with findings, that CuS is converted to CuO for temperatures above 300 
°C (see also Figure 6). 
 
 
 
Fig 2. Transmission spectra of copper oxide thin films oxidized at 200°C and 400°C, respectively, recored using a UV-Vis spectrometer. The 
curves are clearly distingiushable and correspond to reported values for Cu2O [16] and CuO [17], thus demonstrating a persistent Cu2O phase 
when annealing at 200°C. (b) Raman spectra on the samples prove a stable CuO phase forming from 250°C or higher (data taken from [15]). 
For investigating the impact on the electrical properties inkjet printing was chosen as deposition technology. It 
allows for flexible and precise deposition of nano-scaled particles onto arbitrary surfaces. The resulting layers feature 
a large surface-to-volume ratio which is expected to enhance the sensitivity of the layer. A microscopic image of a 
single CuO inkjet dot is depicted in Figure 4(a). 
To characterize the different surface mechanisms a number of different trace gases, operating temperatures and 
background conditions were applied to the sensing elements. The testing apparatus we use allows for fully automated 
variation of the concentration of the test gases and background oxygen, relative humidity and heater resistance of the 
sensing elements with high precision [18]. Figure 3 shows the sensitivity S=Rgas/R0 of the CuO layers (also cf. Figure 
4) towards several test gases in an oxygen depleted atmosphere at 1% oxygen concentration and 150°C operational 
temperature. This experimental setup emulates anaerobic conditions as encountered in typical scenarios for H2S 
measurement tasks. The distinct response towards H2S in comparison to other trace gases originates from the unique 
reaction mechanism (cf. eq. (1)) which differs from adsorption/desorption driven processes at the basis of other trace 
gas surface reactions. In fact, the reaction between H2S and CuO causing the profound alterations of the surface 
morphology as seen in Fig. 1 leads to the formation of conductive CuS paths. This implies fundamental shifts of the 
material’s behavior with regard to the electronic state and specific resistance of the MOX layer.  
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Fig. 3. Comparison of the response characteristic of a CuO sensor towards various trace gases in an oxygen reduced atmosphere. 
However, due to these fundamental shifts the monitoring of the change in the overall sensor behavior is challenging. 
For a more detailed analysis of the sensor response we therefore recorded the I-U-characteristics by sweeping over a 
well-defined current interval and recording the sensing voltage. This approach has several advantages over single 
point resistance measurement as schematically demonstrated in Figure 4 (b). On the one hand, it allows for choosing 
an adequate working point (WP) as opposed to single point measurements where the measured resistance values 
depend on the probing parameters (blue crosses). This also affects the sensitivity characteristics which depend on the 
chosen working point. Furthermore, the severe changes in the sensing layer’s resistance provoked by H2S exposure 
cause a range adjustment in standard multi-meters thus the WP changes during measurements. This ultimately limits 
the data quality producing misleading data. 
 
 
Fig. 4 (a) Inkjet printed CuO dot connecting two Platinum electrodes with a high surface to volume ratio which is beneficial for sensing 
applications. (b) Single point measurements yield sensitivity (S) values that might not be comparable between different setups. Recording the I-
U-curve allows for a precise study of the electric changes.  
On the contrary, recording the I-U-curve permits a direct measurement and visualization of the shift in electronic 
state from semiconducting to conductive behavior as the curve characteristics changes from s-shaped to linear which 
is caused by the formation of sulfidic structures. Using this technique a large data set is acquired, as shown in Figure 
5 (a), that can be used to generate new insights into the response dynamics despite the reaction mechanisms and large 
resistance shifts. Defining a suitable working point now enables access to the complete time-resolved response 
characteristics shown as the red curve in Figure 5 (b). From this measurement a drop of three decades in sensing 
resistance can be observed. For comparison, the data recording from a standard multi-meter measurement setup (black 
curve) shows artefacts that originate from the measurement technique employed rather than the gas sensing 
mechanism. To record the data the current is swept through the sensing layer from -10μA to 10μA in 1 μA intervals 
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at a frequency of 20Hz using a Keithley 2401 source meter and an automated LabView routine for control and data 
acquisition. The high sampling rate allows for recording the surface reaction in a time resolved manner. The post 
processing of the data is done using Matlab. The data set produced contains information about the sensitivity as well 
as the overall electric behavior.  
 
Fig. 5: (a) Set of I-U-curves recorded during H2S exposure. The s-shaped curves indicate semiconducting behavior of the overall layer. Ongoing 
exposure to H2S leads to fundamental changes in the electric behavior, finally resulting a linear relation between current and voltage thus 
heralding an ohmic resistor. Choosing a working point (WP) in the post processing of the data set allows for calculating a resistance value (b) that 
makes the data comparable to standard measurement techniques. 
To demonstrate the suitability of the CuO layer as central building block of a highly selective H2S sensor and 
demonstrate that the proposed mechanism actually applies and allows for building a sensor, the setup was employed 
in a real-world simulation in the laboratory. The relative humidity at 25°C was set to 50% and the oxygen 
concentration was set to 1%. Figure 6 shows the resistivity of the layer at a fixed working point. The temperature of 
the sensitive layer was controlled by a resistive platinum heater in combination with a temperature control unit of our 
gas measurement setup. At elevated temperatures of 380 °C the CuO layer exhibits a stable baseline and a resistance 
on order of 1 kΩ. Lowering the temperature to 170°C lowers the conductivity of the layer in accordance with 
semiconducting metal oxide theory. Exposure of the layer to 5 ppm H2S causes an electrical breakthrough which 
persists even after the exposure stops. From this follows that the CuS structures are stable in this temperature regime. 
However, increasing the temperature to 380°C in an oxygen depleted atmosphere allows for regenerating the sensitive 
layer. The sensor baseline returns to the original value within a few minutes. Repeating the experimental procedure 
shows that the sensor behavior remains unaltered.  
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Fig. 6: Trace gas measurement at 1% oxygen concentration and 50% r.H. at 25°C applying different temperatures to the sensitive layer. The 
observable transition from semiconducting to conductive upon exposure to low concentration levels of H2S are fully reversible with a suitable 
heat treatment even in anaerobic conditions. The semiconducting behavior as well as the baseline of the CuO layer are restored demonstrating the 
suitability of the material system as a sensitive layer. 
 
3. Conclusion 
Research of the gas sensitive behavior of CuO layers has recently gained some attention. One particularly appealing 
feature is the specific reaction towards H2S. However, understanding the underlying surface processes leading to an 
electrical breakthrough is essential. As opposed to standard reaction routes where surface-adsorbed gas species govern 
the electrical behavior of semiconducting metal oxides, H2S exposure of CuO layers results in the formation of CuS 
clusters. This eventually leads to the formation of conductive paths along the CuO layer. 
To use CuO as central building block of a sensor it is crucial for the reaction to be reversible. Here we demonstrated 
that even in oxygen depleted atmospheres a resetting of the sensitive layer is possible. Moreover, employing a novel 
read-out technique we were able to monitor the phase transition from semiconducting to conducting behavior in-situ. 
The in-situ determination of I-U characteristics of semiconducting MOX layers might lead to new insights in other 
gas sensitive systems as well. It also provides a route to determine the ideal working point thus allowing for higher 
sensitivity of currently employed metal oxide based gas sensors.  
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